Introduction
============

The main goal of endodontic treatment is the thorough cleaning and shaping of the root canal system and its complete obturation with an inert filling material.[@B1] However, in order to ensure successful treatment, prior knowledge of the root canal anatomy is necessary, based on the careful interpretation of angled radiographs, proper access preparation, and a detailed exploration of the interior of the tooth, as incomplete or untreated canals may cause the treatment to fail.[@B2]

Mandibular molars are the teeth most often affected by decay, and may therefore require endodontic treatment, even at a young age.[@B3] The mandibular first molar is one of the most frequently treated teeth, accounting for 17.4% of all endodontic procedures.[@B4][@B5] Among endodontically treated teeth, mandibular molars are most frequently extracted, and one of the main reasons for extraction is the failure of endodontic treatment (19.3%).[@B6] Therefore, prior knowledge of the anatomy of the root canal system, informed by a knowledge of the anatomical variations that may occur in various populations, is likely to increase the probability that the treatment will be successful.

The staining and clearing technique is the most common method used to assess the root canal system.[@B1][@B7] However, recent studies have used cone-beam computed tomography (CBCT) because it allows the visualization of fine details without visual noise as well as the overlapping visualization of adjacent structures.[@B8][@B9] CBCT technology uses isotropic voxels, which are equal dimensions in all three planes of space, enabling accurate linear geometric and three-dimensional measurements of the data acquired.[@B8][@B10][@B11][@B12][@B13] CBCT is also a non-invasive method that allows accurate information to be obtained without requiring the tooth to be extracted for analysis.[@B14]

Although numerous studies have used CBCT to study root and canal anatomy,[@B7][@B15][@B16][@B17][@B18] most previous studies were conducted in Asian populations, which are characterized by different features than those observed in Caucasian populations.[@B7][@B16] Moreover, to date, no comparative study has assessed cross-population variability in mandibular molar root and canal morphology.

The aim of this study was to use CBCT to characterize mandibular molar root and canal morphology and its variability in Belgian and Chilean population samples.

Materials and Methods
=====================

Patients
--------

CBCT images were obtained from the database of the Oral Imaging Center of the Department of Oral Health Science at the University Hospital of the Katholieke Universiteit Leuven, Leuven, Belgium, between November 2010 and January 2012, and from the database of a private dentomaxillofacial radiology practice in Santiago, Chile, between February 2007 and May 2012. Patients were referred to these radiological centers for CBCT scanning in accordance with various clinical indications. Informed consent was obtained from the patients who were treated at the University Hospitals of the Katholieke Universiteit Leuven, Leuven, Belgium. For patients evaluated in the private dentomaxillofacial radiology practice in Santiago, Chile, the authorization of the director of the center was obtained to use the information in the database for research purposes. All image data sets were anonymized.

The following selection criteria were applied: (1) permanent mandibular molars without any type of restoration; (2) the absence of periapical lesions or periapical ligament widening; (3) no previous endodontic treatment; (4) a fully developed root (Nolla stage 10); (5) the absence of root resorption, and (6) the availability of a high-quality CBCT image. A total of 515 mandibular molars (257 from the Belgian population and 258 from the Chilean population) from 270 patients (100 Belgian and 170 Chilean) met these criteria and were further analyzed.

Radiographic technique
----------------------

CBCT images were taken using a 3D Accuitomo 170® machine (Morita, Kyoto, Japan) operating at 90 kV and 87.5 mAs. The size of the field of view was selected depending on the requirements of each case. The voxel size was 0.25 mm. All CBCT imaging was performed by an appropriately licensed medical imaging technologist and diagnosed by a dentomaxillofacial radiologist, with the minimum exposure necessary for adequate image quality.

Image evaluation
----------------

All images were evaluated by a dentist, who was previously calibrated under the supervision of a specialist in dental and maxillofacial radiology. The calibration was performed by having the examiner dentist and a dentomaxillofacial radiologist evaluate a randomized set of CBCT images. A total of 80 mandibular molars were evaluated, and complex cases were discussed and analyzed until a consensus was reached. Cohen\'s kappa coefficient for interobserver agreement was 0.776.

All CBCT slices were analyzed using i-Dixel One Data Viewer Plus software (version 1.5.4.5, Morita, Kyoto, Japan) under standardized conditions in a quiet and dimmed room with a diagnostic display (Barco® MDRC-2120, Barco, Kortrijk, Belgium). Axial, coronal, and sagittal two-dimensional sections were displayed on the monitor and the complete data set was assessed. When necessary, image contrast and brightness were adjusted using the software image processing tool in order to ensure optimal visualization.

The teeth that met the inclusion criteria were evaluated to determine (1) the number of roots, (2) the root canal configuration according to Vertucci\'s classification[@B1] ([Fig. 1](#F1){ref-type="fig"}), (3) the presence of a curved canal in the cross-sectional image of the distal root in the mandibular first molar, and (4) the presence of a C-shaped canal in the mandibular second molar. The age and gender of the patients were also recorded.

In the mandibular first molars, a curved distal canal was only recorded in the distal root when the canal exhibited the following features in a cross-sectional image ([Fig. 2](#F2){ref-type="fig"}): (1) the presence of a ribbon-shaped canal with (2) a curved shape, as verified by the ability to draw a straight line intersecting only the ends of the buccal and lingual sides of the canal.

In the mandibular second molars, the presence of a Cshaped canal was recorded. The definition of a C-shaped canal system developed by Fan et al.[@B19] requires a tooth to exhibit the following three features: (1) fused roots, (2) a longitudinal groove on the lingual or buccal surface of the root, and (3) at least one cross-section of the canal exhibiting the C1, C2, or C3 configuration ([Fig. 3](#F3){ref-type="fig"}).

A descriptive analysis of the variables was performed. For quantitative variables (age), central tendency, dispersion, and position were measured for each population group. Nominal variables (country of origin, evaluated molar, root canal configuration, presence of a curved canal in the cross-sectional image of the distal root in mandibular first molar, and presence of a C-shaped canal in the mandibular second molar) and the number of roots were tabulated according to absolute frequencies and percentages. The association between country of origin and the presence of a curved canal in the cross-sectional image of the distal root in the mandibular first molar and the presence of a C-shaped canal in the mandibular second molar was evaluated via the chi-squared test, using the RStudio® version 0.98.501 software (RStudio Inc., Boston, Massachusetts, USA).

Results
=======

The median age of the Belgian population sample examined was 19.5 years, and that of the Chilean population sample was 19.0 years, with an interquartile range of 11 years in both samples. The minimum age in both populations was 11 years, and the maximum age was 47 and 60 years in the Belgian and Chilean population samples, respectively.

In the Belgian sample consisting of a total of 100 patients, 48% were female and 52% were male. In the Chilean sample with a total of 170 patients, 55.88% were female and 44.12% were male.

All the variables analyzed for the mandibular first and second molars are shown in [Table 1](#T1){ref-type="table"}: the number of roots, the root canal configuration of each root, the presence of a curved canal in the cross-sectional image of the distal root (first molar), and the presence of a C-shaped canal (second molar).

Both groups were compared regarding the presence of a curved canal in the cross-sectional image of the distal root (first molar) and the presence of a C-shaped canal (second molars). A significant positive association was found between the Belgian group and the presence of a curved canal in the cross-sectional image of the distal root (first molar) in comparison to the Chilean group (relative risk=2.28, 95% confidence interval=1.3-3.9) No significant association was found between the two population groups and the prevalence of C-shaped canals.

Discussion
==========

All CBCT images were obtained using the same scanner in both countries, from patients who required a CBCT examination as an integral part of their diagnosis and treatment planning. It was difficult to establish and implement a standard protocol for obtaining the images, as the protocol varied on a case-by-case basis in order to ensure the lowest radiation dose possible for a given patient. In general, variability in the size of the field of view, image resolution, slice thickness, and interval may prevent the collection of standardized images, which potentially would allow a more accurate assessment. In future research, a standard image acquisition protocol should be defined, to the extent possible, in order to ensure an optimally accurate comparison.

The ethnic background of each patient was not recorded and was not taken into consideration as an inclusion criterion. Assessing specific ethnic groups may be technically challenging, in light of factors such as migration rates, the increased prevalence of individuals with multiethnic backgrounds, and globalization, which can make it difficult to define appropriate inclusion criteria. Therefore, the individuals analyzed represent only a sample of the population that attended the radiological centers in both countries. However, when our results are compared to those reported in studies analyzing other populations,[@B7][@B15][@B16][@B17][@B18][@B20][@B21][@B22][@B23][@B24][@B25][@B26][@B27][@B28] it can be concluded that our population samples showed features corresponding to groups of predominantly Caucasian background.

The mandibular first molar generally has one mesial root and one distal root.[@B7] The most frequent variation in the number of roots is the presence of a third root, which is located in the distolingual position and is found with a prevalence \>30% in Asian populations.[@B7][@B15] In contrast, in the present study, a third root was found in both groups much less frequently (in approximately 3% of the Belgian sample and 6% of the Chilean sample). Other studies, such as that by Curzon et al.[@B20] in an English population or Schäfer et al.[@B21] in a German population, have reported frequencies of 3.3% and 0.7%, respectively. It is considered normal in Caucasian populations for this anatomical variation to be present with a frequency \<10%.[@B7]

The mesial root generally contains two canals (types II-VII) in 94.4% of cases,[@B7] corresponding to the results obtained in the Belgian and Chilean populations, in which two canals were found in most cases in a certain third of the root. The most common configurations in the Belgian sample were types V and III, whereas types III, IV, and V were the frequent in the Chilean sample. Vertucci,[@B1] using the staining and clearing technique, found that the most common configurations were types IV and II, with prevalence rates of 43% and 28%, respectively.

However, type I was the most common configuration of the distal root in both populations. This result is similar to that obtained by Vertucci,[@B1] who reported a prevalence of 70% for the type I configuration.

Canals have traditionally been described as having oval or round shapes when seen in a cross-sectional image. They may even appear to have a ribbon-like shape when the root is flattened in a mesiodistal manner. However, when visualized with CBCT, this description may not be completely accurate, as is the case for the distal canal of the mandibular first molar. This canal presents, at times, a curved ribbon-like shape at the coronal third of the root, resembling the shape of an open C or parenthesis facing the mesial side of the root, which can subsequently take another shape or split along the root ([Fig. 2](#F2){ref-type="fig"}).

When comparing both population samples, a significant positive association of this feature with the Belgian sample was found. The probability of observing a curved canal in the cross-sectional image of the distal root in the mandibular first molar for the Belgian group was 2.28 times the probability of the Chilean group (95% confidence interval=1.3-3.9). The complex morphology of this type of canals may make cleaning and shaping procedures more difficult. In addition, being aware of this feature may prevent perforation or stripping when the canal morphology is not preserved.

In a significant percentage of individuals (22%[@B16]-25%[@B23]), the mandibular second molar may have a single root. This type of anatomy is most frequently found in Asian populations.[@B24] In the present study, lower percentages were found, with a higher frequency of this feature found in the Belgian population sample. In rare cases (approximately 2%), this molar presents with three roots.[@B25] A similarly low prevalence of this feature was found in both population samples, although the prevalence was greater in the Chilean population.

In the mesial root of the mandibular second molar, types III and V were the most frequent configurations in both population samples. In Vertucci\'s[@B1] study, the most common configurations were types II, I, and IV, with frequencies of 38%, 27%, and 26%, respectively.

Type I was also the most common configuration in the distal root of the second mandibular molar in both populations, with a prevalence higher than that observed in the first molar. This finding is consistent with other studies, where this type of configuration was reported in over 80% of cases.[@B1][@B16][@B22][@B25][@B26][@B27][@B28]

The prevalence of C-shaped canals was approximately 10% in both population samples. No statistically significant association was found between national origin and the presence of a C-shaped canal in the mandibular second molar. Other studies, in Korean and Chinese populations,[@B16][@B18][@B29] have reported prevalence rates of C-shaped canals of 29% to 44.5%, respectively. However, as observed in this study, the prevalence of this feature decreases to approximately 10% or less when analyzing populations with a Caucasian background.[@B24]

The mandibular molars are the teeth most often affected by decay and may therefore require endodontic treatment, even at a young age.[@B3] Nonetheless, among endodontically treated teeth, the mandibular molars are extracted most frequently, and one of the main reasons for extraction is endodontic treatment failure (19.3%).[@B6] This may occur due to the complex root canal anatomy that poses a challenge for endodontic specialists during treatment. The shape of the root canals can vary considerably. In the first molar, the distal canal may present curvature in the axial plane along with curvature in other planes, and second molars can present C-shaped canals with different configurations along the root, among other variations. These aspects can complicate cleaning and shaping procedures, compromising the treatment and reducing the likelihood of a successful outcome. Further research is needed to develop new cleaning and shaping strategies in order to manage the complex anatomy of these teeth in a way that would lead to more predictable outcomes.

Periapical radiography is an indispensable tool for endodontic treatment. However, one of its limitations is that it represents a two-dimensional view of three-dimensional structures, revealing only limited aspects of the three-dimensional anatomy.[@B9] This technique can also present problems such as the geometric distortion of anatomical structures and anatomical noise.[@B30] In contrast, CBCT was specifically designed to reproduce the three-dimensional anatomy of the maxillofacial skeleton without distortion. Using CBCT, it is possible to completely analyze the anatomy of root canals, to detect periapical pathologies more quickly than with conventional radiographs, and to evaluate both root fractures and the shape and size of the alveolar bone.[@B9]

However, although the clinical use of CBCT is increasing, current technologies have certain limitations related to the geometry of the cone-beam projection, sensor sensitivity, and image clarity that may be affected by artifacts, noise, and poor contrast in soft tissue.[@B30]

In conclusion, the root and canal anatomy of 515 mandibular molars was analyzed using CBCT. A low prevalence of three-rooted mandibular first molars and C-shaped canals in the second mandibular molar were found in both populations. Most of the molars were found to have two canals in the mesial root and one canal in the distal root. The Belgian population showed a higher prevalence of curved canals in the cross-sectional image of the distal root in the mandibular first molar. CBCT imaging is a useful tool for assessing root and canal anatomy and may assist endodontic specialists in making a diagnosis and planning further treatment. Additional improvements in cleaning and shaping procedures may be needed in order to handle anatomical variations properly and achieve more predictable outcomes.
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![Classification of root canal configuration.[@B1] Type I: a single canal extends from the pulp chamber to the apex. Type II: two separate canals leave the pulp chamber and join short of the apex to form one canal. Type III: one canal leaves the pulp chamber, divides into two within the root, and then merges to exit as one canal. Type IV: Two separate and distinct canals extend from the pulp chamber to the apex. Type V: one canal leaves the pulp chamber and divides short of the apex into two separate and distinct canals with separate apical foramina. Type VI: two separate canals leave the pulp chamber, merge in the body of the root, and re-divide short of the apex to exit as two distinct canals. Type VII: one canal leaves the pulp chamber, divides and then rejoins within the body of the root, and finally re-divides into two distinct canals short of the apex. Type VIII: three separate and distinct canals extend from the pulp chamber to the apex.](isd-45-95-g001){#F1}

![Curved canal in the cross-sectional image of the distal root in the mandibular first molar. A. Left: a mandibular first molar with (M) mesial and (D) distal roots. Right: cross-sectional image of a mandibular first molar as seen in an axial-plane CBCT view. (M) mesial root, (D) distal root, (^\*^), cortical and trabecular bone structure. When a straight line is drawn in the distal ribbon-shaped canal, it only comes in contact with the (a) buccal and (b) lingual ends of the canal. B. Cone-beam computed tomography cross-sectional images. 1a-c: curved distal canals in cross-sectional images, 1d: an oval canal, 2a and b: curved distal canals in cross-sectional images, 2c: a canal starting to divide, 2d: a fully divided canal, 3a-d: the absence of a curved distal canal in cross-sectional images.](isd-45-95-g002){#F2}

![Classification of C-shaped canal configurations.[@B19] A. C1: an uninterrupted \"C\" with no separation or division, C2: a canal shape resembling a semi-column resulting from the discontinuation of the \"C\" outline, C3: three (a) or two (b) separate canals, C4: only one round or oval canal in the cross-sectional image, C5: no observable canal lumen (usually only found near the apex). B. Cross-sectional CBCT images of different types of C-shaped canal configurations, at different root levels.](isd-45-95-g003){#F3}

###### Variables analyzed regarding the mandibular first and second molars by population.
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